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Introduction
The poly(phenylene sulfide) has attracted considerable interest as engineering polymer due to its both high modulus and tensile strength and its good dimensional stability. Its high deflection temperature (around 227 °C), flame resistance, and excellent stability in organic liquids determine many of its applications. These properties make the PPS a polymer particularly useful in automotive and electronic industries [1] [2] [3] . The PPS is largely used in the manufacture of ball valves, electrical sockets, battery and telephone components, optical-fiber cables, electronic component encapsulation, and as a thermoplastic matrix for advanced composites [4] . The solvent resistance of this polymer limits the PPS characterization. There is no solvent for PPS below 210 °C; except the α-chloronaphthalene that solves partially the PPS at this temperature [5] . This behavior makes very difficult its molecular weight determination by intrinsic viscosity, light scattering and gel permeation chromatography measurements.
The crystalline structure of PPS is orthorhombic and its intramolecular repeating unit reflects an extended backbone in which the sulfide group defines a planar zig-zag conformation as shown in Figure 1 . The unit cell dimensions of PPS consist of: a=0.867 nm; b=0.561 nm; c=1.026 nm ( Figure 1 ). The phenyl rings are inclined in an alternating manner to the backbone plane, the angle of inclination being assumed to lie in the 40-45° range. It is well known that thermal transitions for this polymer occur exceptionally at high temperatures, in comparison to aliphatic polymers, due to the restricted mobility of the chains imposed by phenyl groups on backbone [6, 7] . The properties of semicrystalline polymers, such as PPS, depend on the degree of crystallinity and morphology of polymeric structure. Some studies have been carried out to investigate the crystalline structure, morphology, thermal stability and crystallization kinetics of PPS [6, 7] . Analogously to poly(ether-ether-ketone) (PEEK) and poly(phenyl-ether-ketone) (PEK), PPS is a polymer that crystallizes slowly, when compared to other conventional polymers without aromatic groups, for example the polyethylene or poly(methylene oxide), and specimens fully crystallized show comparatively low crystallinity (commonly near 50%) [6, 7] . The effect of thermal treatment on polymer morphology can be studied by differential scanning calorimetry (DSC). In semicrystalline polymers, the DSC scans show glass transition temperature (T g ) and crystalline melting point (T m ).
The heating of a semicrystalline polymer above its T m will melt the polymer, and the cooling process will solidify the polymer in an organized manner restoring its crystalline arrangement. The crystals formation is identified by the appearance of an exothermic peak corresponding to crystallization temperature (T c ). On the other hand, if the sample is heated up to T m and quenched below the T g , it becomes solid. However, the polymeric chains will not have time to organize and to form crystalline regions, i.e., the sample is in amorphous solid state, in spite of its tendency to crystallize [8, 9] . Since the changes in thermoplastic crystallinity results in signif icant modification of mechanical properties of composites, in particular those in which the matrix is dominant, such as compression or creep [9] , the study of crystalline morphology of matrix for applications in thermoplastic composites is essential to understand the structure and the behavior for these materials.
The purpose of this work is to study the effect of thermal cycles on the crystallization kinetics of PPS, under isothermal conditions using differential scanning calorimetry coupled to crystallization software. The kinetic model adopted in this study is based on Avrami equation. The kinetics results were correlated to images obtained by a polarized light microscope (PLM) coupled to controlled heating and cooling system. It were used the same experimental conditions in DSC analysis. The obtained results allowed establishing parameters to be used in processing of carbon fiber/PPS composites and to demonstrate that the investigation with polarized light microscope can be decisive in the adequate choice of these parameters.
Materials and Methods
It was used a poly(phenylene sulfide) sample purchased from Ticona Polymers, grade Fortron 0214B1.
Study of crystallization kinetics
The DSC analysis were carried out in Perkin-Elmer Pyris 1 differential scanning calorimetry, previously calibrated with indium and zinc and operated under a constant nitrogen flux (20mL/min) and scanning rate of 10 °C/min. The samples of PPS (~15 mg) were encapsulated into a sample holder of aluminum. Initially a non-isothermal scanning (30 °C to 340 °C, at 10 °C/min) was carried out to obtain the knowledge of PPS crystallization temperature and melting point. Afterwards, the samples were heated at 10 °C/min from room temperature up to the thermodynamic melting point of PPS (340 °C) [10] , holding for 2 minutes at this temperature to allow the complete melting of all crystals, in order to destroy all crystals that can act as seeds during the crystallization. Afterwards, the samples were cooled at 100 °C/min to crystallization isothermal temperatures (265 °C, 268 °C and 270 °C) and kept in isothermal condition until the formation of crystallization exothermic peak. From isothermal data was possible to establish the crystallization kinetic parameters supported by Avrami kinetic model.
PPS morphology study by polarized light microscope
The melting and the crystallization of PPS were investigated by the use of polarized light optical microscope Leica-DMLS, with temperature control system Linkam THMS600 Heating and Freezing Stage, with heating and cooling rate precision equal to 0.1 °C/min. The PPS sample was heated up to 340 °C (~55 °C above T m of PPS).
The Linkam THMS600 heating stage is based on resistive plate and the freezing stage is based on nitrogen flux. For the analysis were produced thin films, by heating a small amount of polymer sandwiched between two thin glass slides in the hot stage. The samples were submitted to the same heating/ isothermal/cooling cycle used in DSC analysis. All the micrographs were obtained at 200x.
Results and Discussion

Crystallization Kinetics studies
In this study each sample was subjected to two DSC dynamic run. First run has the purpose to eliminate the polymer thermal history and the second run was considered to collect data for analyses. Figure 2 shows the second dynamic PPS run, indicating the sample melting temperature of 285.4 °C and melting enthalpy of 43.1J/g. According to the literature, the PPS melting temperature is around 285 °C and the melting enthalpy is 76.5J/g [1] . However, these values are directly related to the thermal cycle (heating and cooling) that the sample is submitted (heating and cooling rates and isothermals), becoming difficult a direct comparison between the data.
The variation on the crystallinity percentage affects directly several properties of the material. Thus, for some applications it is necessary to determine the crystallinity parameters. In this work, this evaluation was carried out by using the endothermic peak related to the crystalline melting. The area above the basis line (area under the peak) is directly related with the energy absorbed in the polymer crystalline region melting. A higher quantity of heat is absorbed during the melting when the sample chains present arranged (more crystalline regions or higher degree of crystallinity). Also, the opposite is valid, low degree of crystallinity demands a low quantity of heat. So, the crystallinity percentage can be reached by equation 1:
where: ∆H sample melting is the sample melting enthalpy with unknown crystallinity percentage and ∆H reference is the sample melting enthalpy with the known crystallinity percentage.
Thus, dividing the sample enthalpy value (43.1J/g) by the reference PPS enthalpy (76.5J/g) [1] , it is obtained 56% of crystallinity for the PPS studied in the present work (according to the thermal cycle -heating and cooling -test procedures).
The semicrystalline PPS was characterized at 10 °C/min heating rate between 30 °C and 330 °C, obtaining the thermal scan, glass transition temperature (T g ) and melting temperature (T m ). At the end of the test, the polymer was in the melted state and it was cooled down at 10 °C/min until three different isothermal plateaus (265 °C, 268 °C and 270 °C, respectively), respecting the relation T g <T isothermal <T m . The polymer was kept in each isothermal for 60 minutes. The adopted procedures allow the polymeric chains to be arranged and/or aligned. In each isothermal treatment, there is great possibility of occurring chain movements allowing new arrangements. Thus, the exothermic peak, related to the T c , was observed. Figure 3 shows the crystallization peak under isothermal scan.
According to the literature, the polymer crystallization may not occur when the isothermal temperatures used in the thermal cycle get as close as possible to the T g or T m [2, 6, 8, 9] . The polymeric chains lose mobility and they can not get a proper arrangement as the temperature gets close to the T g . Close to the T m , the energy available in the system permits higher mobility of the chains and it promotes an unstable chain arrangement and alignment. Theorically, the crystallization becomes possible in the interval concerning temperatures above the T g and below the T m in an isothermal process. Although, the crystallization rates will change depending on the temperature used in the isothermal experiments [2, 6, 8, 9] . Table 1 depicts the melting enthalpy values for each isothermal studied. It is observed that the isotherms at 265 °C and 268 °C promote the more complete crystallization of the sample, once the enthalpy values are close to those obtained in the dynamic PPS melting. On the other hand, the isotherm at 270 °C is very close to the PPS melting temperature (277 °C) presenting a low melting enthalpy value, suggesting that the sample reached a low degree of crystallinity. The higher crystallization rate was obtained during the 268 °C isotherm test. The kinetic crystallization studies are based on the sample behavior previously described where the sample is hold isothermally until the exothermic event. The maximum sample crystallization takes some time to happen and this time depends on each different sample. The fraction of crystallized material, x(t), in the time t, as function of the global crystallization rate, k, follow the Avrami equation (2) [2, 11, 12] . (2) where: n is the Avrami exponent, which describes the crystallization mechanism and gives qualitative information about the kind of nucleation process and the crystal growth. Its value generally changes from 1 to 4 [8] .
The material partial crystallization is obtained by integrating the area of exothermic peak at the set time intervals, according to the equation 3:
To obtain the relative crystallization or degree of crystallinity (α) is assumed that t = 0 is the time where the thermal equilibrium is reached, t = ∞ is the end of the crystallization process, dH/dt refers to the heat flow rate and x(t)is the weight fraction of the crystallized region. The variable x(t) relates the instantaneous degree of crystallinity with the total crystallinity. The total crystallinity depends on the each experimental parameter chosen. Thus, the normalized value of x(t) changes from 0 to 1 [2, 6, 8, 9] . Avrami´s equation (2) can be rearranged as equation (4): (4) The equation (4) is a linear relation. The PPS crystallization kinetic parameters were obtained using the x(t) values from the exothermic peaks in Figure 3 . Figure 4 shows the experimental data obtained from the isotherms and the mathematical correction used to obtain the kinetic parameters. The good correlation between the experimental data and the mathematical correction suggests that the Avrami model fits satisfactorily the PPS crystallization. The n value is in the range of 2.5 and 3.0, indicating a heterogeneous nucleation in spherulite disc geometry [8] . This fact suggests that the nucleus do not appear at the same time and there are no homogeneous nucleus distributions as function of time. Figure 5 depicts the relative crystallization growing as function of the isotherm for the rigid crystalline and the mobile amorphous phase temperatures in the range of 260 °C and 278 °C. The "S" shape of the scan suggests that the crystallization begins at zero, grows slowly in the beginning of the crystallization, becomes faster and finally slows down at the end. Sometimes the crystallization process at the end is constant (260 °C, 265 °C, 268 °C and 270 °C) or it grows up slowly as function of time (278 °C). In this latter case, this growing characterizes what is called secondary crystallization where usually small and not perfect crystals grow around the crystallization lamellas or inside the amorphous phase [2, 6, 8, 9] . In the specific case of PPS this growth occurs around the lamellas due to the fact that the curve was obtained very close to the polymer melting temperature. Figure 6 shows the relative crystallization growing as function of the temperature at defined crystallization times. Again, it is observed that to reach a high degree of crystallization it is necessary longer times when the sample is submitted to the temperatures around the melting point. On the other hand, the crystallization process happens faster when the sample is submitted to temperatures far from T g and T m . Figures 5 and 6 are very useful in the establishment of process parameters as they define the optimum and appropriate time and temperature to reach the best material degree of crystallization. Figures 7 to 10 (magnification of 200x) shows the micrographs of PPS submitted to the same thermal treatments used in the DSC study. The sample was isothermally crystallized from its melting point up to the desired crystallization temperatures. Figure 7 shows that when the sample is heated up to 295 o C, 10 ºC above the melting temperature of polymer (285 ºC is the melting temperature identified in DSC scan) it is still on melting process, i.e. the polymeric chains are acquiring mobility and there are crystals not melted. For this reason, it was not possible to spread out the polymer properly between the glass slides by application of manual pressure, in order to form a film with homogeneous thickness for observation in the PLM.
PPS morphology study by polarized light microscope
From these results it is possible to conclude that in the case of composites processed at this temperature (295 ºC), the polymer do not have appropriate viscosity to promote a good wettability of the reinforcement and the remnant crystals can act as seeds during the cooling, promoting a heterogeneous crystallization of the polymer. Besides this, polymer partially melted, i.e., presenting crystals well ordered, during the application of pressure, can provoke damages as fiber breakages and voids in the manufactured composite, decreasing its mechanical properties. This condition suggests that this process requires higher temperatures or larger isotherms to guarantee the total destruction of crystals.
At 330 ºC, the PPS still presents crystals not melted ( Figure  8 ), due to the fact that the used PPS (as-received) has crystalline regions with higher ordered degree of crystallinity. These regions require higher temperatures to melt. If the melting temperature is not sufficiently high to melt remnant crystals, these will act as nuclei for crystallization on subsequent cooling. The term self-nucleation has been used to describe the nucleation from a melted polymer or from a solution by its own crystals grown previously [3] . The self-nucleation generally occurs in semicrystalline polymers near to the thermodynamic melting point, 340 ºC for PPS. The melt temperature for PPS is 285 ºC but requires processing temperature equal to 340ºC. Only at this temperature all residual crystals or high ordered regions disappear [11] . Many polymers like polystyrene, polyamide 6, polyethylene, among others, present self-nucleation temperature very close to their thermodynamic melting point, as presented by Lee and Porter [11] . For instance, PEEK present maximum self-nucleation temperature approximately equal to 390 ºC, very close to their thermodynamic melting point, 395 ºC [11, 13] . The proximity of these two temperatures suggests that minute crystalline seeds can remain until the thermodynamic melting point.
As a consequence, the crystallization of polymers with the presence of remnant seeds decreases the crystallization free energy barrier, increasing the crystallization rate. To avoid this condition the melting temperature need to be sufficiently high to promote the destruction of all seeds, probably more ordered which act as nuclei for crystallization on subsequent cooling [10] . PPS presents spherulitic crystallization pattern (Figure 9 ), according to n values obtained from Avrami kinetic model, with n data similarly what is found for many other polymers [8] . This aspect is characterized by dominant lamellae structures which growth according to the thermal cycle. It can not be observed between 260 ºC and 270 ºC significant changes on spherulitic aspect, according to n values from Avrami model found in DSC analysis.
It can be observed in Figure 10 two different crystal populations in the sample (primary and secondary). The primary is constituted of well formed spherulites that contribute in DSC analysis with the higher peaks, better formed with higher melt temperatures. The secondary population is characterized by spherulites relatively very small. In the second population the PPS molecules do not get enough time to get oriented in proper condition during cooling. This population contributes to smaller peaks and lower temperatures during the melting process in the DSC analysis. Figure 9 shows also that the nuclei was created 
Conclusion
The PPS isothermal crystallization behavior was studied by using DSC and PLM techniques. The highest crystallization rate was obtained with isothermal treatment at 268 °C. It was verified that isothermal crystallization from melted PPS can be described by Avrami kinetic modeling. The Avrami exponent n for PPS is in the range of 2.5 to 3.0. This result agrees with heterogeneous nucleation and spherulitical growing and also with the observations made by PLM.
The melting temperature determined by conventional DSC indicates that PPS melting starts at 285 °C. However, during the process of obtaining thin films between two glass slides, used in the PLM analysis, it was verified that the melting temperature determined by DSC do not offer an adequate polymer viscosity to obtain a film with homogeneous thickness. Thus, the PPS melting point temperature (determined by DSC analysis) is 285 ºC, but its manufacture requires processing temperature of 340 ºC (thermodynamic melting point). At this temperature all remnant crystals or highly ordered regions disappear. For this reason, the temperature to be used in the composite processing must be 340 ºC, because it is necessary to obtain an appropriate viscosity to promote a good wettability of the polymer in the reinforcement. Otherwise, the polymer impregnation in the reinforcement is deficient, generating voids and poor matrix regions, decreasing the stress transfer from matrix to fibers, and acting as stress concentrators as well.
It was also observed by PLM technique the presence of polymer crystals at temperatures close to 330 ºC. The determination of this temperature is important to avoid the self-nucleation temperature, i.e., the presence of remnant crystals in the melting process can interfere on crystal nucleation during the cooling, not allowing a precise control on the final composite microstructure, which can generates a material with low mechanical properties.
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